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Project Background  

This report is a stand-alone document as well as one of a series that together detail the key tasks and 

associated findings and conclusions of the Stillaguamish Temperature TMDL Adaptive Assessment and 

LƳǇƭŜƳŜƴǘŀǘƛƻƴ tǊƻƧŜŎǘ όά{ǘƛƭƭŀƎǳŀƳƛǎƘ ¢a5[ tǊƻƧŜŎǘέύΦ  

The purpose of the Stillaguamish TMDL Project is to improve water quality standards for temperature 

and salmon habitat in the Stillaguamish basin by identifying sources of cold groundwater in the streams 

and rivers which would most benefit from protection. The need for the project was identified in the 

2004 Stillaguamish River Water Quality Improvement Plan.   

The Stillaguamish TMDL Project incorporates several methodologies in its approach, which are 

documented in separate reports (this report is highlighted), as follows:  

¶ Watershed Process Characterization   

¶ Base Flow Analysis  

¶ Temperature Regime Studies  

o FLIR (Forward Looking Infrared Imagery) Temperature Imagery Analysis 

o USGS Thermal Profiling Report 

o 2008-2012 Temperature Data Report  

¶ Groundwater Seepage Study 

¶ Assessment Synthesis and Project Identification Report 

¶ Riparian Implementation Project Report 

¶ Feasibility Analysis for Two Temperature Improvement Projects 

 

The project was funded through a Centennial Clean Water grant agreement between the Washington 

State Department of Ecology (DOE) and Snohomish County.  It was initiated by Snohomish County Public 

Works Surface Water Management in 2010 and completed in 2015.  

 

The final summary report and associated maps can serve as a tool for policy and regulation 

development, species conservation, water quality and watershed management planning efforts in the 

Stillaguamish Basin.  Maps included in this report should not be used alone for present day site 

descriptions of river temperature by location. 
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Executive Summary  

This report describes and maps user-identified temperature characteristics visually identified from 

September 2001 thermal infrared (TIR) imagery for selected rivers in the Stillaguamish watershed 

resource inventory area (WRIA 5). Although imagery was originally collected and summarized by 

Watershed Sciences (Corvallis, OR) for the Washington State Department of Ecology, this new analysis 

expands on the previous work to:  

¶ Comprehensively map water surface temperature anomalies (colder or warmer surface water 

adjacent to upstream median river surface temperature)  

¶ Identify the likely sources of the temperature anomalies (tributary, hillslope seep/spring, side 

channel, floodplain (spring brook), hyporheic, surface water units)  

¶ Estimate the apparent size of temperature anomalies relative to channel size  

¶ Map potential salmonid cold-water refuge locations 

¶ Summarize and compare results by anomaly type for conceptual protection and restoration 

strategy development 

Temperature anomalies were identified from TIR imagery at 226 locations in the study area that 

included the mainstem Stillaguamish River, North Fork (NF) Stillaguamish River, South Fork (SF) 

Stillaguamish River and Pilchuck Creek. The 129 cold-water anomalies comprised 57% of all anomalies 

and half were located in the NF Stillaguamish River. These anomalies were formed in the river channel 

most commonly by tributaries, floodplain discharge, side channel outflow and seeps/springs, in that 

order. The coldest anomalies were seeps/springs, side channels, floodplain discharge and tributaries, in 

that order; which likely reflects the surface flow distance from groundwater discharge to the imaged 

river location.  

The median temperature of the anomalies was the lowest and the average river distance between cold 

anomalies (approximately every ½ mile) was the shortest in the NF Stillaguamish River. The SF 

Stillaguamish River contained numerous cold temperature anomalies. These were largest in average size 

but were spaced relatively far apart. Cold-water anomalies were rare in the mainstem Stillaguamish 

River. These anomalies were less than 2°C cooler than the median river temperature, which suggests 

that these occurred close to sources of groundwater inflow and could be relatively important due to 

their rarity in the warmer mainstem river. The 97 warm surface water anomalies were observed at 

backwaters, along shallow gravel bars and in shallow un-vegetated braided channel locations. 

A cold-water refuge for salmonids and other cold-water fishes is defined as being at least 2°C cooler 

than the median channel temperature (Torgersen et al. 2012). Out of 129 cold-water anomalies, 96 met 

the criterion for a cold-water refuge at the time of sampling. Cold-water refuges are most evident in TIR 

imagery at low flow and at periods of highest summer air temperature when image contrast between 

summer maximum surface water temperature and groundwater source temperature is greatest. Other 

cold-water refuges may be present in these rivers when air temperature is hotter or when base flow is 

lower than when 2001 thermal imagery was obtained. Also, other cold-water refuges may not have 
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been visible in the TIR imagery due to their small size, underwater location (e.g. stratified pools) and/or 

canopy cover.  

Nevertheless, the location, frequency, sources and size of mapped temperature anomalies can 

contribute to developing recommendations for protecting or restoring temperature regimes or more 

discrete cold-water refuges for beneficial uses. Beneficial uses with respect to suitable temperature 

conditions for various salmonid fishes are for άspawning, core-rearing, non-core rearing and migration 

(WDOE 2012).έ In summer, for most Stillaguamish stream locations, a άcore rearing and migrationέ 

criterion of 16°C applies and is used as a reference point for evaluating exceedances in temperature at 

the time of the TIR imagery.  

In tributaries, actions that sustain or restore summer base flow, protect or improve shading, and actions 

that improve habitat unit complexity at tributary junctions with the mainstem rivers may also support 

the connectivity of habitats for spawning, rearing and migration as well as thermal suitability. For cold-

water refuges within or emanating from floodplain side channels, protection and restoration of the 

connectivity to side channels will support rearing at winter flood, spring out-migration, and summer 

base flow levels when temperature is critical. In the long term, restoring river processes that lead to side 

channel formation will provide more numerous and natural cold-water refuges for summer rearing. 

Springs and seeps may be more stable and predictable in location and flow contribution over long time 

periods (100-1000 years) and could represent fixed points in a spatial network of refuges. Protection of 

upland characteristics sustaining groundwater discharge at seep/spring locations is also important.  

The maps of temperature anomalies from this report will be evaluated in conjunction with field-based 

longitudinal thermal profiling and site-specific summer temperature variability data to devise 

temperature related strategies as part of the final Assessment Synthesis and Project Identification 

Report.  Such protection and enhancement strategies may vary by cold-water source type and river, but 

follows the conceptual strategy based on the spatial concepts of άMoreέ, άBiggerέ, and άBetterέ in the 

following table.  

 Conceptual Strategy  

D
es

cr
ip

tio
n
 

More Χ ƛƴŎǊŜŀǎŜ ǘƘŜ 

frequency (or 

decreased spacing) of 

cold-water refuges and 

locations of thermal 

suitability. 

Bigger Χ ƛƴŎǊŜŀǎŜ ǘƘŜ ǎƛȊŜ ƻŦ 

the temperature effect 

(from a change in flow 

volume and/or temperature 

difference). 

Better Χ quality of structural habitats 

at refuge locations for enhanced 

thermal benefit ς cover, depth, flow, 

wood and substrate complexity 

supports multiple species, age classes 

and density. 
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Introduction  
 

Thermal infrared (TIR) sensors measure radiant surface energy and store the calibrated values as pixels 

in a digital image, allowing water surface temperature patterns to be measured at very high resolution 

in image swaths of 150-600 meters (Faux et al. 2001). Visualizing thermal landscapes using this 

technology has been a valuable tool in the field of ecology, particularly in the western United States, 

where it has been used to investigate the patterns of fish distribution and habitat variability associated 

with temperature in streams and rivers (Torgersen et al. 2001). 

Previous studies in the region have used TIR mapping to thermally characterize streams at a variety of 

scales and for a variety of reasons. The technology has been used to generally map heterogeneity in 

river temperatures (Watershed Sciences 2002), while others have used it to identify specific features 

such as hyporheic flow (Burkholder et al. 2008) and wall-base channels (Belknap and Naiman 1998) that 

are potential salmon habitat refuges (Ebersole et al. 2003; Torgersen et al. 2012).  

Salmon and other aquatic life require specific temperature ranges in order to maintain optimal 

metabolic activities (Beschta et al. 1987). Stream habitat degradation from land conversion has led to 

stream warming that is problematic for cold-water fishes and models indicate future climate change will 

increase stream temperature, exasperating the problem (Battin et al. 2007; Isaak et al. 2011). 

Physiologically, warmer water requires cold-water species to consume more food to grow and 

successfully transition between life stages (Beauchamp 2009). Spawning salmon, which do not eat, are 

even more susceptible to warm river temperatures than are juvenile salmonids. In areas where 

temperature is too warm, stream corridors may be impassable and habitat area may become spatially 

restricted, reducing habitat connections and quantity within a drainage area. Cooler areas are not only 

preferred by salmonids, but amid warm expanses, they may be important thermal refuges (Berman and 

Quinn 1991; Torgersen et al. 1999).  

The objective of this study was to identify relative temperature differences in Stillaguamish watershed 

rivers by mapping stream temperature anomalies using previously acquired TIR imagery. Identifying and 

quantifying these anomalies provides a better understanding of the thermal dynamics of the river and 

informs where reach scale restoration and/ or habitat-unit scale habitat restoration may be beneficial 

for temperature. Likewise, characterizing temperature anomalies can help formulate protection 

strategies or actions that conserve key water flow processes that support cold-water refuges. Results 

from this report will be used along with supplemental field measurements to develop a synthesis of 

temperature data collected during this project period (2010-2012). Combined datasets will be used to 

develop recommendations for temperature improvement among rivers and subbasins in the 

Stillaguamish watershed that will be presented in a separate final project report. 
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Methods  

Thermal Infrared  and Color Videography  

An aerial TIR survey of the Stillaguamish River watershed was conducted in 2001 by Watershed Sciences 

Inc. (Corvallis, Oregon) for the Washington State Department of Ecology (Ecology) (Watershed Sciences 

2002). TIR radiance and associated color images were acquired using a TIR sensor and video camera 

mounted on a helicopter (i.e., a forward-looking infrared [FLIR] platform). Streams were surveyed over 

two days in early September 2001 during mid-afternoon to capture conditions during the warmest part 

of the day. One segment, the mainstem Stillaguamish River, was surveyed on both days to facilitate any 

future comparisons among different streams sampled on different days. The project imagery (color and 

infrared) and median temperature values calculated as part of the thermal imaging project are available 

from Ecology at:  

http://w ww.ecy.wa.gov/apps/watersheds/temperature/tir/stillaguamish/index.html 

Multiple streams across the County were surveyed in 2001, but only four rivers with the most 

unambiguous data and the greatest level of management focusτthe mainstem Stillaguamish River, 

North Fork Stillaguamish River, South Fork Stillaguamish River, and the lower 7.2 miles of Pilchuck 

Creekτhave been evaluated in this report (Figure 1). Locations in upper Pilchuck Creek, Deer Creek, 

upper North Fork Stillaguamish, and Canyon Creek were excluded due to the uncertainty of interpreting 

FLIR imagery in locations with narrower channels, greater canopy cover, greater shading, and less field-

based knowledge of summer flow contribution from tributaries.  

Table 1 summarizes the date, time, and extent of surveys. Information about flight altitude, image 

resolution, and imagery post-processing can be found in the report by Watershed Sciences (2002), 

available at the link above.  

Table 1. FLIR Imagery Acquisition, 2001. 

River Date Time (PM) Survey Extent Distance (miles) 

NF Stillaguamish  9/7/01 2:50 ς 3:58 Mouth to Crevice Creek 34 

Mainstem Stillaguamish  9/7/01 4:52 ς 5:23 Mouth to Forks 17.6 

Pilchuck Creek 9/8/01 1:49 ς 2:33 Mouth to Headwaters 7.2 

Mainstem Stillaguamish 9/8/01 3:03 ς 3:24 Mouth to Forks 17.6 

SF Stillaguamish 9/8/01 3:24 ς 4:30 Mouth to Coal Creek 44.5 

Source: Watershed Sciences (2002). 

TIR image processing included an algorithm that computed the median stream temperature across the 

width of the channel approximately every 400 feet (Watershed Sciences 2002). The TIR-derived 

temperature measurements were validated at the time using Onset Stowawayϰ continuously recording 

stream temperature loggers distributed throughout the study area. The temperature loggers have 0.2°C 

http://www.ecy.wa.gov/apps/watersheds/temperature/tir/stillaguamish/index.html
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accuracy, and they reported an average of 0.3°C difference between the logger-recorded temperatures 

and the TIR-derived temperatures (Watershed Sciences 2002).  

Map Creation  

Temperature anomalies were located and mapped in a geographic information system (GIS) based on 

visual interpretation of the TIR images and by referencing fixed features and channel or topographic 

indicators. These included Snohomish County ortho-rectified imagery (1998, 2001, and 2003), high-

resolution light detection and ranging (LiDAR)-based digital elevation models (DEMs), mapped stream 

hydrography, and built infrastructure (e.g., roads). Temperature information by mapped location was 

populated by reviewing the aerial TIR imagery frame by frame (as in Figure 2) and reviewing the median 

temperature values from the beginning to the end of each aerial survey.  

Locations where water temperature was different by ±0.5°C compared with the adjacent upstream 

median surface water were classified as anomalies and digitized in the shapefile and attributed with 

field information (Table 2). Because the aerial imagery and temperature data were obtained during a 

flight of less than 68 minutes at the time of peak daily temperature, it was assumed the relative 

temperature differences between anomalies and median river temperatures were suitable for direct 

comparison. Attributed field data for individual anomalies and metadata are included in Appendix A and 

Appendix B, respectively. 

Table 2. Temperature Anomaly User-Attributed Fields. 

Field Data Type Description 

Name Text Description of anomaly 

River Text River name (from hydrography layer) 

Image Text FLIR image ID number from Ecology website 

Median Numeric Visually estimated median temperature of thermal anomaly 

Temp_Diff Numeric Temperature difference (±) between estimated anomaly median value and 
nearest adjacent upstream median temperature value 

Size Integer Spatial size of the anomaly relative to downstream channel size (see below) 

Source Text Estimated source of thermal anomaly 

Comment Text Detailed description of anomaly 
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Identifying and Characterizing Temperature Anomalies  

The identification and characterization of temperature anomalies consisted of a) calculation of median 

anomaly temperature, b) calculation of the temperature difference between the anomaly and the 

adjacent stream, c) determination of anomaly size, and d) inference of the source of the anomaly. These 

steps are discussed below.  

Median Temperature of Anomal ies 

The median temperature of each anomaly was visually estimated using the temperature color ramp 

provided with Ecology images (Figure 2). In some instances, such as at tributary junctions, Watershed 

Sciences (2002) identified the temperature of the anomaly, and that value was cross-referenced with 

the visual image. However, many anomalies were not identified by Watershed Sciences (2002), 

particularly those not coincident with tributary junctions. For these, the temperature of the anomaly 

was estimated by visually averaging the range of temperatures within the anomaly boundary. 
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Figure 1. Stillaguamish River sample areas for FLIR imagery acquisition and those rivers included in this report. 
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Figure 2. Examples of temperature anomalies: warm anomaly (top panel, right) in the North Fork 
Stillaguamish River illustrating strong heating at shallow downstream margin of a glide; cold 
temperature anomaly (bottom panel, right) in the North Fork Stillaguamish River showing inflow from 
cold (9°C) spring source. 

Temperature Dif ference between Anomal ies and the Main Channel 

To quantify the temperature difference between anomalies and the surrounding surface water, the 

closest (spatially) upstream main channel temperature was subtracted from the observed median 

temperature of the anomaly. The temperature used for the main channel was the median channel 

temperature calculated for every 400 feet of mainstem channel (obtained from 9ŎƻƭƻƎȅΩǎ ǎǇǊŜŀŘǎƘŜŜǘǎ 

imported to ArcGIS). Thermal anomalies that were estimated to be at least 2°C cooler than the adjacent 

mainstem were considered cold-water refuges based on Torgersen et al. (2012), although their actual 

use by fish was not field-validated. 
































































